While genetic mutation is a hallmark of cancer, many cancers also acquire epigenetic alterations during tumorigenesis including aberrant DNA hypermethylation of tumor suppressors, as well as changes in chromatin modifications as caused by genetic mutations of the chromatin-modifying machinery. However, the extent of epigenetic alterations in cancer cells has not been fully characterized. Here, we describe complete methylome maps at single nucleotide resolution of a lowpassage breast cancer cell line and primary human mammary epithelial cells. We find widespread DNA hypomethylation in the cancer cell, primarily at partially methylated domains (PMDs) in normal breast cells. Unexpectedly, genes within these regions are largely silenced in cancer cells. The loss of DNA methylation in these regions is accompanied by formation of repressive chromatin, with a significant fraction displaying allelic DNA methylation where one allele is DNA methylated while the other allele is occupied by histone modifications H3K9me3 or H3K27me3. Our results show a mutually exclusive relationship between DNA methylation and H3K9me3 or H3K27me3. These results suggest that global DNA hypomethylation in breast cancer is tightly linked to the formation of repressive chromatin domains and gene silencing, thus identifying a potential epigenetic pathway for gene regulation in cancer cells.
[Supplemental material is available for this article.]
Breast cancer is characterized by both genetic and epigenetic alterations (Sjoblom et al. 2006; Esteller 2007 Esteller , 2008 Wood et al. 2007; Stephens et al. 2009 ). While a large number of genetic mutations are linked to breast cancer, there is clear evidence that epigenetic alterations, such as hypo-or hypermethylation of DNA, occur early in the initiation or development of the tumors (Kohonen-Corish et al. 2007) . Some genes commonly hypermethylated in breast cancers are involved in evasion of apoptosis (RASSF1, HOXA5, TWIST1) and cellular senescence (CCND2, CDKN2A), while others regulate DNA repair (BRCA1), cell growth (ESR1, PGR), and tissue invasion (CDH1) (Dworkin et al. 2009; Jovanovic et al. 2010) . Further underscoring the role of the epigenetic mechanisms in tumorigenesis, such epigenetic events have been exploited for early diagnosis or treatment. For example, a therapeutic strategy blocking DNA methylation with 5-azacytidine ( Jones et al. 1983 ) has been approved for treatment of preleukemic myelodysplastic syndrome (Kaminskas et al. 2005) and is in clinical trials for several forms of cancer (Kelly et al. 2010) .
DNA methylation (Holliday 1979; Feinberg and Vogelstein 1983; Laird 2003 Laird , 2010 is the most studied epigenetic event in cancer. Bisulfite sequencing (Frommer et al. 1992) of targeted loci such as the breast cancer susceptibility gene BRCA1 (Tapia et al. 2008) supports the notion that tumor suppressors are frequently inactivated by DNA methylation at CpG islands and promoters. Genome-scale methods including MeDIP-seq (Ruike et al. 2010) and CHARM (Irizarry et al. 2009 ) have confirmed global hypomethylation and focal hypermethylation as hallmarks of breast and colon cancer. More recently, whole genome shotgun bisulfite sequencing offers single-nucleotide resolution of DNA methylation in human cells (Lister et al. 2009 ). This unprecedented resolution has revealed that cytosines methylated in the CG context (mCG) are nearly completely methylated in pluripotent cells but are frequently in a partially methylated state in somatic cells. These partially methylated cytosines are clustered to form partially methylated domains (PMDs), which can span nearly 40% the genome (Lister et al. 2009 ). Interestingly, genes within PMDs are found to be generally repressed, though the mechanism is unclear (Lister et al. 2011) . This method has also recently been used to observe increased epigenetic variation at hypomethylated regions in cancer cells (Hansen et al. 2011) . Finally, further underscoring the role of DNA methylation in cancer, a recent genetic study showed that mutations in the DNA methyltransferase DNMT3A are frequently found in acute myeloid leukemia (Ley et al. 2010) .
Chromatin state can also be altered in cancer cells (Parsons et al. 2010; Jiao et al. 2011; Varela et al. 2011) . For example, heterochromatin-associated H3K9me3 and Polycomb-associated H3K27me3 mark large repressed domains in somatic cells (Hawkins et al. 2010 ) that are misregulated in cancer. H3K9me3 is deposited by a family of histone methyltransferases including SUV39H1, inhibition of which in acute myeloid leukemia cells is sufficient for re-expression of the transcriptionally silenced tumor suppressor genes CDKN2B and CDH1 marked by H3K9me3 (Lakshmikuttyamma et al. 2009 ). EZH2, the enzyme responsible for depositing H3K27me3, is often overexpressed in aggressive breast cancers (Kleer et al. 2003; Chang et al. 2011) , and mutations in the H3K27me3 demethylase KDM6A are common in clear cell renal cell carcinoma (Dalgliesh et al. 2010) . Thus, misregulation of repressive chromatin modifications may also play a role in tumorigenesis.
While both DNA methylation and chromatin modifications have been associated with tumorigenesis, few studies have integrated both aspects on a global scale to investigate their coordinated role in cancer progression. Here, we report use of highthroughput sequencing technology to map DNA methylation at base resolution and two repressive chromatin modifications in a breast cancer cell line and primary mammary epithelial cells. Comparative analysis of the two epigenomes reveals widespread DNA hypomethylation that is tightly coupled to the formation of repressive chromatin domains and gene silencing in the cancer cells. We propose that such large scale alterations of the epigenetic landscape may play an important role in tumorigenesis by inhibiting expression of tumor suppressor genes. We also suggest that global hypomethylation may occur through a passive mechanism. Further, we show that, while hypomethylation of repetitive elements is common, it is not the only explanation for increased transcription from such repetitive sequences.
Results
Global DNA hypomethylation in the breast cancer cell line HCC1954
The HCC1954 cell line is derived from the primary tissue of a ductal breast carcinoma of an East Indian female (Neve et al. 2006) . It belongs to the subtype of estrogen receptor (ER)/progesterone receptor (PR) negative and ERBB2 (HER2) positive breast cancers characterized by poor prognosis. We performed whole genome shotgun sequencing of bisulfite-treated DNA [MethylC-seq (Lister et al. 2008 (Lister et al. , 2009 )] in HCC1954, generating 889,012,059 uniquely mapped monoclonal reads, with an average of 27-fold genome coverage. As a control, we also performed MethylC-seq on human mammary epithelial cells (HMECs) at 20-fold coverage.
DNA methylation in both HCC1954 and HMEC exists almost exclusively (>99.8%) in the CG context. To compare the global profiles of DNA methylation between HCC1954 and HMEC, we quantified mCG by dividing the genome into 10-kb windows and calculating the percentage of cytosine bases methylated in sequenced reads (%mCG). We found that a large fraction of the HCC1954 genome is differentially methylated as compared to normal cells ( Fig. 1A; Supplemental Fig. S1 ). In agreement with previous studies (Esteller 2008; Ruike et al. 2010) , we observed global hypomethylation and local hypermethylation in HCC1954 compared to HMEC. Denoting the four quartiles of %mCG from 0% to 100% as low, mid-low, mid-high, and high (Fig. 1A) , we observed that a striking 22.3% of these 10-kb windows have low mCG in HCC1954, compared to 0.64% in HMEC. On the other hand, hypermethylation is more limited, with 3.1% of HCC1954 windows exhibiting %mCG >95%, compared to 0.3% in HMEC.
These domains of hypomethylation span known tumor suppressors such as DACH1 (Fig. 1B) . On a chromosome-wide view, it is clear that hypomethylated regions form large domains, which are punctuated by regions where DNA methylation is high (Fig. 1C) .
Chromosome-wide views also suggest that loci with the most pronounced hypomethylation in HCC1954 coincide with regions that are not fully methylated in HMEC (Fig. 1C) . Genome-wide, 88.2% of all low mCG windows in HCC1954 are in a PMD state (defined as mid-low or mid-high %mCG) in HMEC (Fig. 1D) . Also, of all hypermethylated HCC1954 regions that are not highly methylated in HMEC, 99.6% belong to the PMD state in HMEC. These results suggest that PMDs in HMEC are the most likely regions to either gain or lose DNA methylation during tumorigenesis.
To test if epigenetically unstable regions in breast cancer (BC) might coincide with those in other cancers, we compared our re- , binomial). This suggests that certain regions of the genome exhibit inherent epigenetic instability and consistently gain or lose mCG in multiple types of cancers. In agreement with Irizarry et al. (2009) , overlapping hypo-and hypermethylated genes are enriched for embryonic and developmental proteins, including the reprogramming factor SOX2, neural developmental genes NEGR1 and NRG1, and members of the HOXA cluster (HOXA1 through HOXA7, and HOXA9).
DNA hypomethylation is associated with decreased gene expression in breast cancers DNA hypermethylation at promoters is generally correlated with gene silencing. Recently, DNA methylation at gene bodies has been shown to be prevalent in mammalian cells, and some evidence has suggested it is correlated with gene activity (Hellman and Chess 2007; Ball et al. 2009 ), but the mechanisms have not been clearly understood (Jones 1999; Maunakea et al. 2010; Wu et al. 2010) . To explore the effect of DNA hypomethylation on gene expression in breast cancer cells, we performed RNA-seq experiments to determine genome-wide steady-state transcript abundance in both HCC1954 and HMEC cells. We then examined the transcript abundance for genes overlapping domains with DNA hypomethylation. Unexpectedly, these genes have a greater tendency to be repressed in HCC1954: While only 3.8% of all genes transition from highly methylated to PMD states, this represents 14.1% of all genes losing expression (p high!PMD < 10 À16 , hypergeometric) ( Fig.   2A ). Likewise, the 220 genes undergoing PMD to low %mCG transition represent 12.1% of all down-regulated genes, compared to 8.1% expected by chance (p PMD!low = 1.08 3 10 À9 , hypergeometric). In contrast, hypomethylated genes are less likely to gain expression HCC1954 ( Fig. 2A ) (p high!PMD = 5.7 3 10 À6 , p PMD!low = 1.03 3 10 À30 , hypergeometric). There is also significant overlap between down-regulated, hypomethylated genes in HCC1954 with hypomethylated genes in colon cancer (P = 1.03 3 10 À7 , hypergeometric).
To test if this pattern of gene expression is representative of a broader set of breast cancers, we examined the gene expression profiles of a panel of 50 ERBB2 positive breast tumors and 23 normal breast samples (Hennessy et al. 2009; Parker et al. 2009; Prat et al. 2010) . In this data set, 13,262 genes could be unambiguously assigned to transcripts from our RNA-seq experiments. At 935 of these genes undergoing hypomethylation from HMEC to HCC1954, we similarly observe an enrichment of cancerspecifically repressed genes (p high!PMD = 8.86 3 10
À7
, p PMD!low = 1.38 3 10
À3
, hypergeometric) and a depletion of cancer-specifically expressed genes (Fig. 2B) (Weigelt et al. 2005; Oh et al. 2006; Perreard et al. 2006; Herschkowitz et al. 2007 Herschkowitz et al. , 2008 Hoadley et al. 2007; Mullins et al. 2007; Hennessy et al. 2009; Hu et al. 2009; Parker et al. 2009; Prat et al. 2010) . Significantly more (red) or less (green) expressed genes are defined by a Wilcoxon rank sum test (P-value # 0.01) between the expression values of the two different panels. (*) Enrichment P-value # 0.01 (hypergeometric). (C ) Functional enrichment of hypomethylated genes having loss of expression by the DAVID analysis tool (Dennis et al. 2003) . (D) Epigenetic status of genes undergoing hypomethylation in gene bodies with loss of expression. With the exception of H3K9me3, all values are of HCC1954 relative to HMEC. RNA, log 2 (HCC1954 RPKM/HMEC RPKM); DmCG, log 2 (HCC1954%mCG/HMEC %mCG); Dhistone, log 2 (HCC1954 ChIP/input) À log 2 (HMEC ChIP/input); H3K9me3, log 2 (HCC1954 ChIP/input). (Onc) oncogene, (TS) tumor suppressor.
performed gene ontology (GO) analysis for the genes found within the hypomethylated domains. Consistent with previous analysis of colon cancer-specifically methylated regions (Irizarry et al. 2009 ), these genes are significantly enriched in embryonic development, including the highly divergent homeobox gene HDX along with several neuronal growth factors NEGR1, NETO1, and NTM. In addition, we observe significant enrichment for zinc finger genes, Kruppel-associated box (KRAB) transcription factors, and DNA binding proteins (Dennis et al. 2003 ; Fig. 2C ). This enrichment for transcription factors indicates a drastic alteration of the HCC1954 regulatory program from HMEC concordant with hypomethylation.
Formation of repressive chromatin domains at hypomethylated genomic regions
To explore the molecular processes potentially responsible for lower transcript abundance of genes in the hypomethylated domains, we examined the status of DNA methylation at promoters of the genes. Among the 627 gene-body hypomethylated genes with lower transcript abundance in HCC1954, promoters of 289 (46%) genes are hypermethylated, consistent with a role for promoter DNA hypermethylation in transcriptional repression. These genes include many well-known tumor suppressors such as MGMT (Esteller et al. 1999; Everhard et al. 2009; Hibi et al. 2009a, b) , DCC (deleted in colorectal carcinoma) (Fearon et al. 1990) , and DLC1 (deleted in liver cancer 1) (Yuan et al. 1998) .
Surprisingly, the remaining 54% repressed genes (N = 338) exhibit no change (N = 70) or loss (N = 268) of DNA methylation at promoters, yet still display lower transcript abundance in cancer cells. These genes also include well-known tumor suppressor genes, including the interferon-inducible gene PYHIN1 (Ding et al. 2006) , the leucine zipper gene LZTS1 (Ishii et al. 1999) , the antiangiogenesis factors THBS2 (Streit et al. 1999) and HRG (Rolny et al. 2011) , and the cysteine protease inhibitor CST5 (Alvarez-Diaz et al. 2009). Importantly, genes with intragenic hypomethylation (HMEC high ! HCC1954 PMD ) but lacking promoter hypermethylation are also significantly enriched in down-regulated genes (P = 2.0 3 10 À7 , hypergeometric) and significantly depleted in up-regulated genes (P = 5.0 3 10 À3 , hypergeometric), therefore excluding the possibility that promoter hypermethylation explains these observations. We hypothesized that these genes may be aberrantly repressed by other epigenetic mechanisms, such as repressive chromatin modifications. To address this possibility, we performed chromatin immunoprecipitation followed by sequencing (ChIP-seq) for several histone modifications including the repressive H3K9me3 and H3K27me3 marks in HCC1954 and the active chromatin marks H3K4me1, H3K4me3, H3K27ac, and H3K36me3. Comparing these modifications to those of HMEC produced by the ENCODE Consortium (Birney et al. 2007; Ernst et al. 2011) , we observed increased H3K27me3 in HCC1954 at hypomethylated gene bodies, independent of promoter methylation status (Fig. 2D) . Although H3K9me3 was not mapped in HMECs, we also observed enrichment of this modification at both sets of genes in HCC1954.
The results reveal that large-scale hypomethylation is correlated with an increase in repressive chromatin formation. To further verify this observation on a global scale, we plotted the enrichment of H3K9me3 and H3K27me3 relative to input [log 2 (ChIP/input)]. The genomic loci with the strongest H3K9me3 and H3K27me3 enrichment also correspond to low mCG. Conversely, the greatest depletion of these repressive modifications occurs at loci with high mCG for both HCC1954 and HMEC (Fig. 3A) . As seen on a chromosome-wide view (Fig. 3B) , regions showing hypomethylated DNA exhibit the greatest enrichment of H3K9me3 or H3K27me3 in HCC1954. Inspection of the DACH1 tumor suppressor gene illustrates strong enrichment of these two repressive marks in a large hypomethylated domain, which abruptly transitions to a fully methylated domain coincident with loss of the repressive modifications and gain of the mCG-associated histone modification H3K36me3 (Ball et al. 2009; Lister et al. 2009) (Fig. 3C) .
It has previously been observed that regions of hypomethylation are biased toward gene poor regions (Aran et al. 2011) . We also observe a small but positive correlation between %mCG with promoters (R = 0.03), exons (R = 0.17), and gene bodies (R = 0.26) (Supplemental Fig. S3 ). However, the magnitude of correlation between %mCG with H3K9me3 (R = À0.66) and H3K27me3 (R = À0.53) is noticeably greater, suggesting a stronger link between hypomethylation with chromatin than with genic features.
Allelic basis of repressive chromatin and DNA methylation
The above observations led us to hypothesize that formation of H3K9me3 and H3K27me3 domains are closely coupled to the loss of DNA methylation in HCC1954 cells. This hypothesis is supported by several global analyses: (1) For HCC1954, H3K9me3/ H3K27me3 enrichment increases as mCG decreases ( Fig. 3D,E ; Supplemental Fig. S4) ; (2) 10-kb windows gaining the most mCG also lose the most H3K9me3 and H3K27me3, and vice versa (Fig.  3F ,G); and (3) 10-kb windows gaining repressive chromatin also tend to lose mCG, and vice versa (Fig. 3H,I ).
However, it has been observed that loci exhibiting partial methylation overlap with H3K27me3, as previously reported in IMR90 fetal lung fibroblasts (Lister et al. 2009 ). To resolve this apparent contradiction, we tested the possibility that PMDs in HCC1954 coinciding with repressive chromatin may have one allele in a fully methylated state and another allele marked with repressive chromatin.
We first distinguished the different alleles in HCC1954 by identifying the haplotype blocks in the genome of these cancer cells. We obtained 1,000,880,493 paired-end, nonclonal, uniquely mapped reads corresponding to a 27.6-fold genome coverage (Supplemental Fig. S5 ). Using the bam2mpg genotyping program (Teer et al. 2010) , we found 1,211,258 high-confidence single nucleotide polymorphisms (SNPs) in the genome. Together with the sequenced reads to link SNPs together, we employed the previously developed error-correcting algorithms HASH and HapCUT to identify 269,392 phased haplotype blocks ) with an N50 of 290 bp (Fig. 4A) .
To assess if PMDs consist of one fully methylated allele and another fully unmethylated allele, we focused on the 15,309 partially methylated haplotype blocks with an allele-combined average %mCG between 40% and 60% (Fig. 4B) . Plotting the %mCG of each phased allele illustrates a clear bias between the methylation status of each allele (Fig. 4B ). Almost half (47%) of these partially methylated haplotype blocks exhibit significant allelic bias in DNA methylation (P # 0.05, Fisher's exact test), with the majority (60%) having at least a 50% difference between %mCG on the two alleles (Fig. 4C) . These results suggest that allele-specific methylation is prevalent and that PMDs frequently consist of two differentially methylated alleles.
To examine the status of histone modifications at the haplotype blocks identified above, we sequenced between 76.5 and 92.3 million ChIP-seq reads for H3K9me3, H3K27me3, and H3K36me3 in HCC1954 cells to gain adequate coverage and examined the allelic bias among the haplotype blocks that display allelic DNA methylation. By distinguishing the ChIP-seq reads corresponding to different haplotype blocks, we first identified 2100, 2479, and 2104 blocks that exhibit significant allelic bias for H3K9me3, H3K27me3, and H3K36me3, respectively (Fig. 4A ) (P # 0.05, Fisher's exact test). Overlapping these blocks with those showing allele-specific DNA methylation, we observe that 78% of overlapping H3K36me3 blocks are on the same allele as mCG (p H3K36me3 = 1.38 3 10 À17 , binomial). For example, ubiquitously expressed MAGED2 on chrX is located within a PMD, and DNA methylation is on the same allele as H3K36me3 (Fig. 4E ). In contrast, the majority of overlapping H3K9me3 (75%) and H3K27me3 (79%) blocks are on the opposite allele from mCG ( Fig. 4D ) (p H3K9me3 = 1.75 3 10 À12 , p H3K27me3 = 2.11 3 10 À15 , binomial). For example, the MGMT tumor suppressor gene is partially methylated in HCC1954 and marked by H3K27me3, with these modifications belonging on opposite alleles (Fig. 4F) . Similarly, a partially methylated haplotype block near the CADM1 tumor suppressor gene is marked by H3K9me3 on a different allele as mCG (Fig. 4G) .
To further validate the mutual exclusiveness of H3K9me3 and H3K27me3 with mCG, we performed ChIP with these chromatin modifications, then determined the DNA methylation status of the resulting DNA by bisulfite sequencing (ChIP-methylC-seq). Of the 13,494 and 17,805 10-kb windows exhibiting significant differences in DNA methylation status between H3K9me3 and H3K27me3 ChIP-methylC-seq compared to methylC-seq reads (Fisher's exact test, P # 0.01), 87.0% and 84.3% have less DNA methylation in the ChIP sample compared to the methylC-seq sample, respectively (p H3K9me3 < 10 À100 , p H3K27me3 < 10 À100 ) (Fig. 5) . In contrast, most (63.2%) of the 20,585 10-kb bins with differences in H3K36me3 ChIP-methylC-seq versus background are more enriched for mCG (p H3K36me3 < 10 À100 ) (Fig. 5) . Thus, in support of our observations, DNA enriched for H3K9me3 or H3K27me3 is depleted of mCG compared to DNA enriched for H3K36me3.
A higher-order organization of H3K9me3 and H3K27me3
The mutually exclusive nature of H3K9me3 and H3K27me3 with mCG is one example of the organization of the HCC1954 epigenome. While H3K9me3 and H3K27me3 rarely overlapped (Supplemental Fig. S6 ), we also observed frequent examples of a higher-order organization between H3K9me3 and H3K27me3: These marks appear to be spatially organized such that large domains of H3K9me3 are flanked by regions of H3K27me3 enrichment. Examples include the DCC and DLC1 tumor suppressor genes (Fig. 6A,B) .
To assess if this is a global phenomenon, we defined large domains of H3K9me3 by merging H3K9me3-enriched 10-kb windows, resulting in 376 domains spanning 589 MB. To exclude H3K9me3 domains having internal enrichment of H3K27me3, we removed those domains with an average (H3K27me3 RPKM)/(input RPKM) $ 1.5, resulting in a final list of 322 H3K9me3 domains spanning 536 Mb of the human genome. We observed enrichment of H3K9me3 (Fig. 6C) , depletion of mCG (Fig. 6E) , and background levels of H3K27me3 within the bodies of these H3K9me3 domains (Fig. 6D) . However, H3K27me3 was enriched in regions directly flanking the boundaries of H3K9me3 domains (Fig. 6D) . Similar results are observed in IMR90 H3K9me3 domains, though the extent of H3K27me3 enrichment at H3K9me3 flanks is weaker (Fig. 6C-F) . As H3K9me3 was not mapped in HMEC, we cannot assess this phenomenon directly in these cells. However, to identify potential H3K9me3 domains, we searched for regions depleted of DNA methylation that are simultaneously depleted of H3K27me3. These large domains, putatively similar to the H3K9me3 enriched domains found in HCC1956, also exhibit flanking peaks of H3K27me3 in HMEC, as in HCC1954 and IMR90 (Supplemental Fig. S7 ), suggesting that H3K27me3 flanking of H3K9me3 may be a common phenomenon.
A passive model of global hypomethylation
Thus far, we have focused on gross changes of DNA methylation across large 10-kb bins. To gain insight into which genomic fea- tures are more likely to undergo hypomethylation, we examined the methylation level at single cytosine residues spanning exons, intragenic regions, or intergenic regions. The distribution of cytosine methylation frequency at exons in HCC1954 is nearly indistinguishable from HMEC ( Fig. 7A) . At genic regions, defined to be the entire interval between transcription start site (TSS) and transcription terminal site (TTS), the frequency of lowly methylated cytosines is higher in HCC1954 than HMEC (Fig. 7A) , binomial). Two potential mechanisms can be envisioned to account for the global hypomethylation in cancer cells. One possibility is that the methyl group is actively removed from methylated cytosines. Several proteins, including AICDA (also known as AID), GADD45A, Tet family of proteins, ELP3, and TDG, have recently been implicated in demethylation of methylated cytosines (Barreto et al. 2007; Bhutani et al. 2010; Ito et al. 2010; Cortellino et al. 2011) . None of these genes is significantly more expressed in HCC1943 than HMEC, nor do they harbor somatic mutations in HCC1954, suggesting that an active mechanism may not be responsible for global hypomethylation in HCC1954. Alternatively, DNA methylation may be gradually lost during replication of the cancer cells, which would be biased toward late-replicating regions of the genome. To test whether our data support this model, we compared the DNA methylation levels in HCC1954 to a compilation of regions that are consistently early-, middle-, and late-replicating in a panel of four cell lines (hESC, erythroid, lymphoid, and fibroblast cells) (Hansen et al. 2009 ). We find that 58.2% of consistently late-replicating regions have low methylation in HCC1954, significantly more than that expected by chance (22.3%, P < 10 À16 , binomial). In contrast, only 1.2% and 4.0% of consistently early-and middlereplicating regions, respectively, are lowly methylated. These results are consistent with a previous report (Aran et al. 2011) and the model that DNA methylation at late-replicating regions is gradually lost through many rounds of cell divisions. Further experiments are necessary to understand how late-replication timing leads to partial loss of DNA methylation. DNA found near lamina-associated domains (LADs) has previously been shown to be late-replicating (Moir et al. 1994 ). As LADs have been shown to be stable across different cell types (Peric-Hupkes et al. 2010) , to provide further support that hypomethylated domains in HCC1954 are late-replicating, we compared them to a previously published map of LADs in Tig3 human fibroblast cells (Guelen et al. 2008) . We observe remarkable concordance between LADs in Tig3 cells and hypomethylated domains in HCC1954 (Fig. 7C) . On a global scale, 37.2% of LADs are found in hypomethylated domains, compared to 22.3% expected by chance (P < 10 À16 , binomial), consistent with previous observations (Hansen et al. 2011) .
Assessing the epigenetic contribution to increased transcription of repeat elements
Increased expression of repetitive elements is a hallmark of cancer cells, and this aspect of cancer has frequently been attributed to global hypomethylation (Prak and Kazazian 2000) . To assess the frequency of hypomethylation at repeats, we examined the methylation level at each cytosine residue contained within repeats. Dramatically, 21.2% of repeat-associated cytosines are lowly methylated in HCC1954, compared to 8.7% in HMEC (P < 10 À16 , binomial) (Fig. 8A) . Lowly methylated repeats are also more frequently found in intergenic regions than expected by chance: while 55.2% of all repeat-associated cytosines are intergenic, the subset consisting of lowly methylated residues is 69.2% intergenic (P < 10 À16 , binomial) (Fig. 8B) . To study the expression of repetitive elements, we focused on intergenic repeats, thereby avoiding ambiguities with genic features. The median expression level of intergenic repeats in HCC1954 (0.43 RPKM) is 5.2 times more than in HMEC (0.08 RPKM) (P < 10 À16 , rank sum test) (Fig. 8C) , supporting previous observations of extensive repeat expression in cancer cells. Reminiscent of chromatin signatures at actively transcribed genes, we also observe hypomethylation at repeats concordant with peaks of H3K4me3 and H3K27ac (Fig. 8D,E) . Strand-specific expression emanates from these peaks and coincides with enrichment of H3K36me3, extending to contiguous blocks of transcription spanning ;31 kb and ;7 kb near SERINC2 and PLA2G2F, respectively. Notably, these large blocks of repeat transcription span numerous adjacent repeat sequences and lack hypomethylation. These observations suggest several explanations for repeat expression: (1) loss of a repressive epigenetic mark, (2) gain of an active chromatin mark, or (3) read-through transcription of neighboring repeats. To further explore these three possibilities, we quantified how much each component explains the expression of a set of 4592 intergenic repeats highly (RPKM HCC1954 $ 1) and specifically (RPKM HCC1954 $ 10 3 RPKM HMEC ) expressed in HCC1954. About one-third (34.2%) of these repeats exhibited at least a 50% change in an epigenetic modification. Of these, loss of DNA methylation is the most prominent epigenetic change, accounting for 62.7%. Gain of active chromatin modifications accounts for 42.1% of these repeats, while loss of H3K27me3 only makes up 8.7% (Fig. 8F) .
To explain repeat expression by read-through of neighboring repeats, we first identified 6354 intergenic domains containing clustered and strand-specific RNA-seq reads (see Methods). While these domains only span 5.4% of all intergenic regions, they account for 31.0% of all repeats specifically expressed in HCC1954 (P < 10 À16 , binomial). As further evidence that these repeats are the result of read-through transcription, 94.0% are oriented in the dominant direction of RNA-seq reads in the domains, while the expectation is only 50% (P < 10 À16 , binomial). In total, these oriented repeats account for 29.2% of all HCC1954-specific repeats, and altogether about half (52.3%) of all repeats could be explained by either epigenetic changes or read-through repeat transcription (Fig. 8F) . Figure 5 . Mutual exclusiveness of chromatin modifications and mCG by ChIP-methylC-seq. ChIP was performed for H3K9me3, H3K27me3, or H3K36me3 in HCC1954, followed by bisulfite conversion and sequencing. For 10-kb windows, mCG bias was compared to genomic background from methylC-seq (P # 0.01, Fisher's exact test). Shown is the number of 10-kb windows showing significant differences, split by whether there is more or less mCG in the ChIP-methylC-seq sample.
Discussion
Global DNA hypomethylation is a hallmark in human cancer, but its functional consequences have been unclear (Hinshelwood and Clark 2008) . By comparing the methylomes of a breast cancer line HCC1954 and the primary breast cell HMEC, we find a link between hypomethylation and the formation of repressive chromatin domains. Affected genes are frequently repressed in cancer cells and include tumor suppressors such as DNA repair gene MGMT (Esteller et al. 1999) , the deleted in colorectal carcinoma gene, DCC (Fearon et al. 1990) , and the deleted in liver cancer gene, DLC1 (Yuan et al. 1998) . Thus, hypomethylation is not always an activating epigenetic change as previously assumed (Esteller et al. 2000; Esteller 2007 Esteller , 2008 . Rather, when it is accompanied by a gain of repressive chromatin, the result can be a decrease in expression.
The mechanism of global hypomethylation is a long-standing question in cancer epigenetics. Our data seem to support a passive mechanism whereby methylation is gradually lost over successive cell divisions, as opposed to an active mechanism involving demethylating enzymes (Wild and Flanagan 2010) . Evidence for this passive mechanism includes a bias for hypomethylation at intergenic, late-replicating, and lamina-associated regions of the genome. Furthermore, given that global hypomethylation is a consistent feature of many diverse cancers (Gama-Sosa et al. 1983) , the alternative hypothesis involving activation of demethylating enzymes appears less plausible. In light of the abnormal growth typical of cancer, a passive mechanism is more intuitive: Cancer cells grow faster than methylation can be copied from the replicating parental DNA, resulting in progressive loss of DNA methylation.
Increased expression of repetitive DNA sequences has been frequently observed in cancer cells, and this has often been linked to changes in DNA methylation or chromatin structure (Florl et al. 1999; Menendez et al. 2004; Schulz 2006; Ting et al. 2011) . By integrating the transcriptome and epigenome data sets, our anal- ysis suggests several possible mechanisms of repeat expression. Epigenetics can explain the expression of about one-third of HCC1954-specifically expressed repeats. Additionally, transcription read-through may be involved, as we observe that spatially clustered repeats are often expressed as a single transcriptional unit. One end of this unit is marked with the canonical epigenetic marks of transcription initiation (H3K4me3, H3K27ac, and hypomethylation), and the transcribed body with numerous repetitive elements contains the elongation mark H3K36me3. These repeats are potentially transcribed as a result of read-through transcription and span nearly a third of HCC1954-specifically expressed repetitive elements.
Partial DNA methylation is a recent observation made possible by whole genome shotgun bisulfite sequencing (Lister et al. 2009 ). Since PMDs are not observed in pluripotent stem cells but span about one-third of the genome in differentiated cell types such as fetal lung fibroblasts, the gradual loss of DNA methylation in PMDs during development may be interpreted as another form of global hypomethylation. However, the biological relevance and formative processes of PMDs has yet to be understood. We show that a significant fraction of PMDs correspond to allele-specifically methylated DNA. In these regions, the unmethylated allele is occupied by H3K9me3 and H3K27me3, while the hypermethylated allele is devoid of the repressive chromatin marks. This argues for a mutually exclusive relationship between DNA methylation and H3K9me3 or H3K27me3 at PMDs and is also in agreement with previous observations that highly methylated ES cells have much lower levels of H3K9me3 and H3K27me3 compared to differentiated cells (Lister et al. 2009; Hawkins et al. 2010) . This exclusivity of H3K9me3 and DNA methylation is not incompatible with previous studies showing a close mechanistic tie between H3K9me3 and DNA methylation, particularly at constitutive heterochromatin, which is generally centromeric or telomeric (Schotta et al. 2004; Volkel and Angrand 2007) . For example, H3K9me3 directs DNMT3B-dependent DNA methylation at pericentric satellite repeats in mouse ES cells (Lehnertz et al. 2003) . As short-read sequencing technologies cannot map to these highly repetitive regions of the genome, our analyses are restricted to regions of facultative heterochromatin and euchromatin. Thus, at least in HCC1954 and IMR90, H3K9me3 appears to be exclusive of DNA methylation outside of constitutive heterochromatin.
Our observations suggest that DNA methylation changes in breast cancer cells may be mechanistically linked to the pathways responsible for H3K9me3 or H3K27me3. Interestingly, the genes encoding EZH2 and other PcG proteins responsible for H3K27me3 are frequently overexpressed in breast cancers (Kleer et al. 2003; Chang et al. 2011) , and point mutations that lead to loss or gain of function have also been reported in these genes (Dalgliesh et al. 2010; Morin et al. 2010; Yap et al. 2010 ). The exclusive nature of repression, together with the observation that hypomethylation is coincident with an increase in repressive chromatin, suggests that these repressive mechanisms may be compensatory for each other and that therapies targeting one modification may not be sufficient to acquire gene activation.
Given the mutual exclusion of repressive epigenetic modifications, an unresolved question is whether global hypomethylation in cancer results in gain of H3K9me3/H3K27me3, or the other way around. Recently, it has been shown that DNA methylation prevents binding of the PRC2 complex to chromatin to deposit H3K27me3 (Lindroth et al. 2008; Bartke et al. 2010; Wu et al. 2010) . Further, Komashko and Farnham observed that disruption of DNA methylation by 5-azacytidine in human embryonic kidney cells results in global increases of H3K9me3 and H3K27me3 (Komashko and Farnham 2010) . Taken together, these data suggest that loss of DNA methylation in cancer cells may lead to the formation of repressive chromatin domains and silencing of tumor suppressor genes. We postulate, therefore, that inhibition of the H3K27me3 or H3K9me3 methyltransferases could be a new cancer therapeutic strategy. Further research is needed to identify the causes of DNA hypomethylation in these cells.
Methods
Cell culture HCC1954 cells were grown in RPMI 1640 media supplemented with 10% FBS, 13 nonessential amino acids (Invitrogen 11140050), and 13 L-glutamine (Invitrogen 45000-676-1). Cells submitted to epigenetic analysis were between passage 34 and 42. Cryopreserved HMECs at passage 6-7 were purchased from Lonza (CC-2551) and grown according to the manufacturer's instructions at 37°C/5% CO 2 . The cells were split two times before harvesting. Harvested HMECs highly express p16/CDKN2A, suggesting these (Hansen et al. 2009 ), compared to the background genome (green). (C ) Snapshots illustrating the overlap of hypomethylated regions with lamina-associated domains previously mapped in Tig3 cells (Guelen et al. 2008) , at the DACH1 (top) and DCC (bottom) genes. (D) Distribution of HCC1954 %mCG for 10-kb regions that are found in Tig3 lamina-associated domains (blue), compared to the background genome (gray).
cells have not reached stasis (Novak et al. 2008) . Harvested HMECs express KLK6, COX7A1, EPCAM, KRT19, and PRDM1, all of which are hallmarks of early passage prestasis HMECs. Finally, harvested HMECs express TP53, indicating that they have not entered crisis (Garbe et al. 2009 ). See Supplemental Material for detailed descriptions.
Sequencing
Sonicated genomic DNA was submitted to Illumina paired-end library preparation according to the manufacturer's instructions. Libraries for mRNA-seq (Parkhomchuk et al. 2009 ), ChIP-seq (Hawkins et al. 2010) , and methylC-seq (Lister et al. 2009 ) were created as described previously. ChIP-seq was performed with antibodies specific to H3K4me1, H3K4me3, H3K9me3, H3K27ac, H3K27me3, and H3K36me3. RNA-seq reads were mapped with TopHat , and other experiments were mapped with Bowtie (Langmead et al. 2009 ). Sequenced reads for RNA-seq and ChIP-seq were 36 bp, with methylC-seq at 100 bp, and genome sequencing being a mix of 36, 80, and 101 bp. See Supplemental Material for complete protocols.
Antibodies
ChIP-seq was performed using the following antibodies: H3K4me1 (Abcam ab8895-50, lot 720417), H3K4me3 (Millipore CS200580, lot DAM1612220), H3K9me3 (Abcam ab8898-100, lot 699671; Diagenode pAb-056-50, lot A93-0041), H3K27ac (Active Motif 39133, lot 19208002), H3K27me3 (Millipore 07-449, lot DAM161288), and H3K36me3 (Abcam ab9050-100, 707946). All antibodies used here were validated by peptide dot blot assays to ensure specificity to the correct histone modification (Egelhofer et al. 2011 ).
Read mapping
Reads from genome sequencing were mapped by the Bowtie program in two passes: first as paired-end mapping and then as single-end mapping of unmapped reads. ChIP-seq reads were also mapped by Bowtie. For both genome sequencing and ChIP-seq, only reads that mapped uniquely to hg18 with, at most, three mismatches were kept. MethylC-seq reads were mapped as previously described (Lister et al. 2009 ). RNA-seq reads were mapped by the TopHat program. For non-RNA libraries, PCR duplicates were removed with the Picard program (Picard 2011) . All biological replicates were combined and compressed/indexed by the SAMtools suite into BAM format ). See Supplemental Material for detailed descriptions.
Quantifying RNA-seq expression
To quantify RPKM expression (reads per kilobase of model per million base pairs sequenced) at UCSC Known Genes (Hsu et al. 2006) and RefSeq genes (Pruitt et al. 2005) , the Cufflinks program (Trapnell et al. 2010 ) was applied to the mapped TopHat reads. To allow for division between RPKM values, the lowest RPKM value was set to 5 3 10 À6 . To reduce redundancy of the gene lists, genes were merged and their expression values summed if (1) they had the same common gene name with the same TSS, or (2) they had the same common gene name and overlap each other. A gene is a member of a 10-kb DNA methylation domain category (low/midlow/mid-high/high) if there is any overlap of the gene body with a member of the methylation category. Therefore, a gene can belong to multiple categories. To quantify expression of repetitive elements, we counted the number of reads mapping in each repeat and expressed the result in RPKM units, using only the subset of RNA-seq reads that are uniquely mapping to hg18.
Quantifying ChIP-seq enrichment
Enrichment of histone modifications in a specified region of the genome was quantified as log 2 (ChIP RPKM/input RPKM). To avoid division by zero, a pseudocount was added depending on the depth of sequencing: Pseudocount = (# million base pairs mapped)/p, where p is the pseudocount factor, here set to 2. Thus, RPKM = (# reads in bin + pseudocount)/(# kb in model)/(# million base pairs mapped). This method of pseudocounts guarantees that bins having (1) no ChIP and input reads or (2) ChIP and input reads perfectly proportional to the number of reads sequenced will have log 2 (ChIP RPKM/input RPKM) = 0.
Quantifying mCG enrichment
DNA methylation in the CG context was quantified as %mCG of all cytosine bases in the reference sequence. Specifically, for each of the Watson and Crick strands, all cytosine bases in the CG context in the reference sequence hg18 were identified. For all mapped methylC-seq reads in a given genomic interval, the number of cytosines in CG context that were called methylated as well as the number called unmethylated were counted. To reduce noise from sequencing error, only those bases with phred score $20, indicating sequencing confidence of at least 99%, were counted. Then %mCG = (# methylated CGs on both strands)/(# methylated CGs on both strands + # unmethylated CGs on both strands) 3 100. This method assures that genomic intervals spanned by many methylC-seq reads devoid of mCG are accurately given a low %mCG value.
Defining haplotype blocks
To generate haplotypes, aligned reads were first used to determine SNPs in HCC1954 using the genotyping program bam2mpg (Teer et al. 2010) . To safeguard against incorrect SNP calls due to sequencing error, only considered bases with PHRED score $20 were considered. Only genotypes with score $10 were kept, assuring that reported genotypes are at least exp(10) » 22,000 times as probable as the next most probable genotype. With a list of SNPs and the sequence read information to link them together, previously developed error-correcting algorithms HASH and HapCUT were used to assemble haplotypes (Bansal and Vafna 2008; ).
Assessing allele-specific epigenetic modifications
To assess allele-specific ChIP-seq enrichment at a given haplotype block, the number of ChIP reads landing in each of the two haplotypes hap1 and hap2 were counted. The background consisted of the number of occurrences of hap1 and hap2 from genome sequencing. Fisher's Exact Test was used to assess allele-specificity of ChIP-seq (P # 0.05). To assess allele-specific DNA methylation at a given haplotype block, the number of methylated and unmethylated cytosines in CG context (given the reference genome sequence hg18 and with a Phred score $20) were counted for hap1 and hap2. Fisher's Exact Test was used to assess allele-specificity of methylC-seq (P # 0.05). See Supplemental Material for detailed descriptions.
To assess allele-specific DNA methylation from ChIP-methylCseq data, the number of methylated and unmethylated cytosines in CG context (given the reference genome sequence hg18 and with a Phred score $20) were counted for each 10-kb window using ChIP-methylC-seq and methylC-seq data, and Fisher's Exact test (P # 0.01) was used to assess differential methylation.
Identifying large chromatin domains
To find large domains of H3K9me3 enrichment, log 2 (ChIP RPKM/ input RPKM) as described above was calculated for all 10-kb windows spanning the human genome. H3K9me3-enriched windows are defined as having (H3K9me3 RPKM)/(input RPKM) $ 1.5 . The binomial distribution with p = (# H3K9me3-enriched bins)/(# total bins) was used to find all domains of size 250 kb spanning these 10-kb windows that were significantly enriched for H3K9me3-enriched bins (P-value # 0.01). To reduce redundancy of overlapping 250-kb domains, domains with no more than 50 kb of nonoverlapping regions were merged. As visual inspection indicated H3K27me3 domains were smaller than H3K9me3 domains, H3K27me3 domains were identified similarly but with a domain size of 100 kb rather than 250 kb.
Quantifying repeat-associated read-through transcription
We counted the number of reads mapping in each intergenic 1-kb bin and expressed the result in RPKM units, using only the subset of RNA-seq reads that are uniquely mapping to hg18. To reduce noise, we filtered for strand-specific bins containing at least three reads and having at least five times as many reads on one strand as on the other. To consolidate strand-specific transcribed intergenic clusters, bins within 5 kb on the same strand were merged, and merged regions smaller than 5 kb were discarded. Finally, repeats associated with read-through transcription were defined as repeats belonging to a merged region that are oriented in the same direction of transcription.
Data access
All the sequencing data generated here have been submitted to the NCBI Gene Expression Omnibus (GEO) (http://www.ncbi.nlm. nih.gov/geo/) under accession no. GSE29069.
